Background: Drosophila proneural genes act in the process of selecting neural precursors from undifferentiated ectoderm. The proneural gene atonal is required for the development of precursors of both chordotonal organs (stretch receptors) and photoreceptors. Although these types of sensory element are dissimilar in structure and function, they both occur as organized arrays of neurons. Previous studies have shown that clustering of photoreceptors involves local recruitment, and that signalling by the Drosophila epidermal growth factor receptor (DER) pathway is involved in the recruitment process. We present evidence that a similar mechanism is required for the clustering of embryonic chordotonal organs.
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Results:
We have examined the expression patterns of atonal and genes of the DER pathway in wild-type and mutant backgrounds. Expression of atonal was restricted to a subset of the atonal-requiring chordotonal precursors, which we call founder precursors. The remaining precursors required DER signalling for their selection. Signalling by the founder precursors was initiated by atonal activating, directly or indirectly, rhomboid expression in these cells. Signalling by these founder precursors then provoked a response in the surrounding ectodermal cells, as shown by the activation of expression of the DER target genes pointed and argos. The signal and response then led to recruitment of some of the ectodermal cells to the chordotonal precursor cell fate. DER hyperactivation by misexpression of rhomboid resulted in excessive chordotonal precursor recruitment.
Conclusions:
Increased numbers of chordotonal precursors are recruited by homeogenetic induction involving signalling via DER from founder precursors to surrounding ectodermal cells. We suggest that the reason chordotonal organs and photoreceptors share a requirement for the proneural gene atonal is that this gene activates a common pathway leading to neural aggregation.
Background
The Drosophila peripheral nervous system (PNS) consists of a number of types of sensory element [1] [2] [3] . These include external sense organs, such as the bristles, chordotonal organs, which are internal proprioceptors, and the ommatidia of the compound eye, which contain photoreceptors. Within this group of sensory elements, the external sense organs and chordotonal organs are closely related and are considered to be evolutionarily derived from a common ancestral sense organ [4, 5] . Each external sense organ or unit chordotonal organ (scolopidium) consists of one or a few bipolar sensory neurons together with three support cells; the neurons and support cells derive from the division of a single neural precursor [6, 7] . But these sense organs differ in one key aspect: whereas external sense organs are usually solitary features of the cuticle, chordotonal scolopidia are usually found in large, organized arrays varying from a few units to several hundreds.
External sense organs are usually solitary, as a result of lateral inhibition during selection of their precursors [8] .
Expression of proneural genes of the achaete-scute complex (AS-C) occurs initially in small clusters of ectodermal cells (proneural clusters) [9] [10] [11] . Only one of these cells delaminates to become the neural precursor, and this cell then prevents the remainder of the proneural cluster from adopting a neural fate by inhibitory signalling involving the neurogenic genes, including Notch and Delta [8, 11, 12] . This process ensures that only isolated external sense organ precursors are formed. Conversely, large chordotonal arrays derive from dense clusters of neural precursors; these precursors require a different proneural gene, atonal (ato) [13] . Nevertheless, lateral inhibition still limits chordotonal precursor formation by ato, as shown by the phenotypes of mutants with defective lateral inhibition, which show an increased number of chordotonal neurons [14] and neural precursors [12] , and an increase in ato expression (A.P.J., unpublished observations). An additional mechanism for chordotonal precursor clustering must therefore occur. The observation that ato is also required for photoreceptor formation suggests that chordotonal precursor clustering might involve recruitment [15] .
Each ommatidium of the compound eye contains an array of eight photoreceptors that are formed by local recruitment of ectodermal cells [3, 16] . Although ato is required for the development of all photoreceptors, genetic mosaic analysis shows that it is only required directly for the selection of the founding photoreceptor, R8, which then recruits the remaining photoreceptors, R1-R7 [15] .
There is evidence that such a recruitment mechanism might act through the Drosophila epidermal growth factor (EGF) receptor homologue, DER, which is required at many different stages of development of the fly [17] [18] [19] [20] [21] . In the eye, analysis of mutants affecting DER signalling suggests that this pathway is involved in controlling photoreceptor recruitment [22] [23] [24] [25] [26] [27] [28] [29] . For instance, spitz (spi) encodes the DER ligand that is required in R8, R2 and R5 photoreceptor cells for signalling that leads to the recruitment of the other photoreceptors [23, 27] . Conversely, argos encodes a secreted protein that prevents DER activation by Spi [30] . Because argos expression is activated by DER signalling, it provides an inhibitory feedback loop [31] . Hence, mutation of argos in the eye results in recruitment of excess photoreceptors [24, 28, 29] . Recent analysis of dominant-negative forms of DER have confirmed the role of DER in photoreceptor recruitment in the eye [32] .
We have previously proposed that a similar recruitment mechanism is responsible for chordotonal organ clustering: initial (founder) chordotonal neural precursor(s) formed by ato might signal back to the ectoderm to recruit further precursors [33] . Indeed, mutations in many of the genes involved in DER signalling also cause an embryonic chordotonal organ phenotype that is consistent with their involvement in the control of chordotonal organ number. Mutants of spi, rhomboid (rho), Star (S), and pointed (pnt) all show a reduction in chordotonal organ numbers [34, 35] . Conversely, mutation of argos results in a small increase in chordotonal organ numbers [36] . In order to establish whether a recruitment process is responsible for chordotonal organ clustering, we have characterized the role of the DER pathway in chordotonal precursor formation. We have related DER signalling to the role of ato precisely, by comparing expression patterns of ato with those of genes of the DER pathway in wild-type and mutant embryos, and have carried out an analysis of the consequences of rho misexpression. Our findings support a model in which chordotonal precursors, like photoreceptors, are formed in two distinct phases: first, ato function gives rise to a number of founder chordotonal precursors; then, within these precursors, ato activates DER signalling to surrounding ectodermal cells, thus recruiting further chordotonal precursors.
Results

Chordotonal organs in wild-type and ato mutant embryos
The arrangement of chordotonal organs in the wild-type embryo has been well characterized. Each scolopidium consists of four cells: a bipolar neuron and three support cells. There are eight scolopidia in each embryonic abdominal segment, and they are modestly clustered. Five of them form a cluster in the lateral region (lch5), two form a pair in the ventral region (vchA and vchB; here, we refer to the loose cluster as vchAB), and a further solitary scolopidium (v′ch1) is located between the lateral and ventral scolopidia (Fig. 1a) [37] . In the thoracic segments, the dorsal region contains a group of three scolopidia (dch3) that is homologous to the abdominal group lch5 [38] . A further solitary scolopidium (vch1) is present in the ventral thoracic region, and vch1 may be homologous to the abdominal vchAB. In ato mutant embryos, all chordotonal organs are absent except for one scolopidium of lch5 which is often present [13] (Fig. 1b) . To identify the precursor of this apparently ato-independent scolopidium, we stained mutant embryos with antibodies to the Asense (Ase) protein; these antibodies detect all neural precursors [39] . Anti-Ase staining revealed that the earliest chordotonal precursor (precursor C1) was formed as normal in ato mutant embryos (Fig. 1c) . The C1 cell corresponds to the P cell, which was identified previously as a contributer to lch5 [40] . We show below that C1 normally gives rise to the anterior-most scolopidium of lch5, termed lch5a.
Expression of ato in five chordotonal precursors
Both ato RNA and Ato protein are expressed in a dynamic pattern, first in ectodermal proneural clusters, and then in larger subepidermal neural precursors [41] . These neural precursors contribute to the chordotonal organs (see below) and appear sequentially over a short period of time during stages 10 to 11 in a vertical row, which we referred to previously as the posterior group [41] . We found that a total of five neural precursors expressed ato in abdominal segments ( Fig. 2a-c ). This number of precursors is too few to explain the formation of the eight scolopidia in these segments. The first precursor to appear (C1) corresponded to the P cell; therefore, ato was expressed in this cell, even though it was not required for its formation. Expression in precursor C1 continued into the C1 daughter cells before being switched off (Fig. 2a) . As this occurred, precursor C3 appeared, closely followed by C2, C4 and C5 (Fig. 2b) . Expression of ato mRNA was stronger and more prolonged in precursors C1, C3 and C5 than in either C2 or C4 (Fig. 2c) .
We related the five ato-positive precursors to the arrangement of mature chordotonal organs using an ase-lacZ In (a), dorsal expression was already restricted to the first chordotonal precursor (C1). This cell had already divided and both daughters continued to express ato. More ventral expression was still present in a proneural cluster of ectodermal cells (PNC). In (b), the daughters of C1 had stopped expressing ato, while a row of four more precursors (C2-C5) had appeared from the ventral proneural cluster. C4 and C5 were characteristically more anterior than C2 and C3. In (c), expression in precursors C2 and C4 had ceased, but expression in C3 and C5 continued for a short while longer, and was also seen in the daughters of these precursors. Expression was also observed in the precursor of the dorsal bipolar dendritic neuron, as shown by the asterisk.
In the embryo in (d), which is approximately the same age as that in (c), expression could be correlated to the chordotonal precursors C1-C5. Some of these already consisted of groups of cells, but the exact numbers of cells were not clear because the lacZ product is cytoplasmic. Expression was strongest in C1 and its offspring. Persistent expression correlated with the arrangement of mature chordotonal organs in (e), a stage 13 embryo, and (f), a stage 15 embryo. As well as chordotonal organs, expression was also detected in the atodependent tracheal dendritic neurons (v′td), which derive from the vchA and B lineages [59] . In (e), expression in the precursor of the dorsal bipolar dendritic neuron is indicated by the asterisk. [42] . This fusion gene drives expression of ␤-galactosidase in all neural precursors, and expression persists in their progeny late into embryogenesis. To simplify the ase-lacZ staining pattern, we analyzed its expression in a background that is deficient for AS-C function (Df(1)sc B57 ); this prevents the formation of all PNS precursors except those requiring ato (the chordotonal precursors) as well as a few multiple dendritic neurons [43] . In Df(1)sc B57 ase-lacZ / Y embryos, ␤-galactosidase was expressed initially in precursor C1, and a little later in a column of cells that appeared identical to those expressing ato (that is, chordotonal precursors C1-C5; Fig. 2d ). Following the evolution of this pattern during development, we infer that precursors C1-C3 contribute to lch5, C4 migrates slightly anterodorsally and gives rise to v′ch1, and C5 contributes to vchAB (Fig. 2e,f) . In this analysis, precursor C1 appears to give rise to lch5a, the anterior-most scolopidium of lch5. This was confirmed by analysis of other lacZ marker lines that express ␤-galactosidase specifically in the C1 precursor (the rho lac1 enhancer trap [34] and an NKD-lacZ fusion gene [44] ). Persistence of ␤-galactosidase expression in embryos from these lines allowed us to determine that the division products of C1 form lch5a only (data not shown).
According to this analysis, there are only three ato-positive precursors for the five scolopidia of lch5 and only one for the vchAB pair. Three more precursors must be generated by some other mechanism -two for lch5 and one for vchAB. Nevertheless, these missing precursors ultimately require ato function, because precursor C1 is the only precursor that forms in an ato mutant embryo. As ase-lacZ is ultimately expressed in all chordotonal organs, it must presumably be expressed in these missing precursors. We saw no clear difference between the early pattern of ase-lacZ expression and ato expression in C1-C5, except that, from the beginning, the former expression appeared in small groups of cells rather than single precursors (Fig. 2d) . These small groups may include the missing precursors, but the cytoplasmic location of the ␤-galactosidase precludes a more detailed determination.
The DER pathway is required for the extra chordotonal precursors
Mutations in genes whose products lie on the DER pathway result in a reduction in the number of chordotonal scolopidia in abdominal segments. Thus, the DER pathway might underlie the formation of the extra chordotonal precursors. Indeed, the phenotypes of mutants of this pathway show a striking correlation with the ato expression pattern deduced above: mutation of rho, spi, pnt and S all show a loss of two scolopidia from lch5 and one from vchAB [34, 35] (see below and Fig. 5g ). We found that these same scolopidia were also missing in embryos with a severe homozygous lethal mutation of DER (faint little ball, flb 1K35 ; data not shown). Thus, DER signalling appears to be required specifically for the formation of the three extra ato-negative chordotonal precursors. Consistent with this suggestion, we found that precursors C1-C5 were still formed and expressed ato normally in rho mutant embryos (data not shown).
DER signalling functions in the recruitment of extra chordotonal precursors from surrounding ectoderm
In order to characterize the function of the DER pathway in chordotonal precursor formation, and the derivation of the extra DER-dependent chordotonal precursors, we examined the expression patterns of genes whose products are involved in DER signalling. Recent studies on the role of DER pathway genes in patterning within the ventral ectoderm have shown that rho and S are specifically expressed in the cells that signal to DER [45] , where they may be required for the localized processing of Spi to its active secreted form [46] . We found that rho mRNA and Rho protein were expressed in the five ato-positive chordotonal precursors (Fig. 3a,b) . The abundance of rho transcripts closely mirrored that of ato; that is, rho expression was stronger in precursors C1, C3 and C5, and was particularly strong in C1, where it persisted into daughter cells after division (Fig. 3c) . S appeared to be co-expressed with rho (data not shown).
Expression of these genes therefore suggests that the atopositive precursors are the signalling cells. In some developmental processes, however, rho appears to function in signal-receiving cells, such as in the patterning of ovarian follicle cells [47] . We do not believe this to be the case in chordotonal-precursor formation, because rho was expressed in precursors that do not require rho function (C1-C5 were formed even in rho mutants), so it must be acting non-autonomously, consistent with a role on the signalling side of the pathway. The expression of rho in C1-C5 was abolished in ato mutant embryos (Fig. 3d) . This is not entirely explained simply by the loss of chordotonal precursors, because we showed earlier that C1 still forms in ato mutant embryos. Thus, in the absence of ato, this chordotonal precursor is selected but does not express rho. We deduce that ato is required for rho expression (and therefore for DER signalling).
Activation of DER in recipient cells activates the Ras signal transduction pathway [48] , which ultimately leads to activation of the target genes pnt [49] and argos [24] . The Ets domain transcription factors Pnt-P1 and Pnt-P2 encoded by pnt are required for the cell-fate changes signalled by DER activation. We detected transcripts of pnt-P1 in the ectodermal cells overlying the chordotonal precursors (Fig. 4a,b) , suggesting that these cells may be the recipients of DER signalling by the ato-positive precursors. Very soon afterwards, expression in the clusters ceased. In place of the clusters, we could occasionally observe pnt-P1 expression in single cells that appear to be subepidermal (Fig. 4c) , suggesting that this might represent refinement of pnt-P1 expression to ectodermal cells that have become chordotonal precursors.
To test whether this ectodermal expression was a result of C1-C5 signalling, we studied the effect of rho or ato mutation on pnt-P1 expression. In rho mutant embryos, the expression of pnt-P1 was strongly reduced (in the ectodermal clusters and elsewhere), showing that its expression is induced in response to DER signalling (data not shown). In ato mutant embryos, expression of pnt-P1 was abolished specifically in the ectodermal clusters above the chordotonal precursors and in the isolated cells that appear later (Fig. 4d) , showing that the expression of pnt-P1 is a direct result of activation of DER signalling by the chordotonal precursors C1-C5. This is similar to the effect of DER signalling in ventral ectoderm patterning, where expression of pnt-P1 in cells receiving the signal is also a direct result of DER activation [50] .
Expression of argos is also activated in cells that respond to DER signalling during patterning of the ventral ectoderm [31] , where it acts as a feedback inhibitor of activated DER [30] . Like pnt-P1, argos is known to be expressed in the ectodermal cells overlying the chordotonal precursors (Fig. 4e) [36] . We found that this expression was also dependent on both rho (Fig. 4f) and ato (Fig. 4g) function. This evidence suggests that rho is activated in precursors C1-C5 by ato, either directly or indirectly. Rho then triggers DER signalling to surrounding ectodermal cells, which respond by activating expression of pnt-P1 and argos. Three of the cells that respond to the DER signals delaminate to become the extra chordotonal precursors, and the first indication of this event might be the refinement of pnt-P1 expression in the delaminating cells.
Misexpression of rho results in an increase in recruitment
If DER signalling is required for the recruitment of extra chordotonal precursors, we might expect that increasing the strength of signalling could lead to increased numbers of chordotonal organs. As rho is a limiting component of the DER pathway [45] , we examined the effect of its misexpression using flies containing a heat-shockinducible rho gene construct (hs-rho) [19] . Misexpression of rho was induced in embryos that were 4.5-6.5 hours old; this age corresponds to the time when the ato-positive chordotonal precursors are selected. The embryos were further aged and then reacted with an antibody (22C10) that detects sensory neurons. In wild-type embryos, this antibody clearly recognized all chordotonal neurons (Fig.  5a,c) . In hs-rho embryos, rho induction caused an increase in the number of chordotonal neurons (Fig. 5b,d ). Staining with other antibodies indicated that each extra chordotonal neuron was accompanied by three support cells (Fig. 5e ,f, and data not shown). Thus, the increase does not represent a fate change within the chordotonal cell lineage but rather an increase in the number of chordotonal precursors.
The increase in the number of scolopidia is confined to an enlargement of existing cluster sizes: no new chordotonal clusters are formed, in contrast to the situation with misexpression of ato, in which extra chordotonal organs are formed in new clusters ( [41] and A.P.J., unpublished observations). Therefore, in general, ectodermal cells do not respond to rho misexpression by becoming chordotonal precursors, but they will do so only if in close proximity to the wild-type precursors. Each chordotonal organ can be affected, although only a small proportion are affected in each embryo (Fig. 5h) . Typically, abdominal lch5 becomes lch6-lch7, v′ch1 becomes v′ch2, vchB becomes vchB2-vchB3, and vchA becomes vchA2-vchA3. In the thorax, dch3 becomes dch4, and vch1 becomes vch2. Thus, even chordotonal organs that are not affected in rho mutants have an increased number of precursors following rho misexpression (v′ch1, dch3, vch1).
These experiments support the idea that DER signalling is required for the recruitment of extra chordotonal precursors, and are consistent with the phenotype of argos mutants [36] . However, the effect of rho misexpression is not identical to that of argos mutants, because even the monoscolopidial chordotonal organs (thoracic vch1, abdominal v′ch1) are affected by hs-rho but not by argos mutation.
Discussion
Clustering of chordotonal organs involves neural recruitment
As a result of lateral inhibition, external sense organs are usually formed from isolated, solitary neural precursors [8] .
In contrast, chordotonal precursors usually form aggregates, giving rise to arrays of organized scolopidia [2] . As lateral inhibition is also at work during chordotonal precursor formation [12, 14] , some additional mechanism must be responsible for this clustering. We have presented evidence that, in the embryo, at least part of this mechanism involves recruitment: chordotonal precursors can recruit further chordotonal precursors from overlying, uncommitted ectodermal cells. This process of homeogenetic induction [51] requires the DER signalling pathway.
Role of the DER pathway in chordotonal precursor recruitment
Of the eight chordotonal scolopidia in each abdominal segment, there are three precursors (two from lch5 and one from the vchAB pair) that apparently do not express ato, although they are dependent on ato function. These precursors correspond closely to the three chordotonal scolopidia that require the function of genes encoding components of the DER pathway (rho, S, spi, pnt and DER itself). There are a number of mechanisms by which DER signalling could lead to the formation of these extra precursors. One would be to stimulate the division of the ato-positive precursors, but this seems unlikely for several reasons. We have shown that precursor C1 (the P cell) goes on to form only a single scolopidium, lch5a. Furthermore, Brewster and Bodmer [7] carried out a lineage analysis of the cells constituting the embryonic chordotonal organs -by marking cells with a 'flp-out' lacZ construct, which uses cellspecific expression of the flp-encoded recombinase to activate the expression of the lacZ gene -and found no evidence for specific co-labelling of more than one scolopidium of lch5. Thus, the precursors of lch5 do not appear to arise by division of 'superprecursors'.
The evidence we have presented for expression of DER pathway components is much easier to reconcile with a mechanism whereby the extra precursors are recruited from surrounding ectoderm cells by the ato-positive precursors. Expression of rho in precursors C1-C5 is dependent upon ato activity. This rho expression is required in order to stimulate expression of pnt and argos in the ectodermal cells surrounding the ato-positive precursor. Thus, expression of pnt and argos in the ectodermal cells is a direct response to the presence of the ato-positive precursors and results from DER signalling by these cells. Both rho and ato are acting non-autonomously in the activation of DER signalling, and therefore also in the formation of the extra chordotonal precursors.
Each of the ato-positive precursors seems to activate DER signalling: rho is expressed in each, and pnt-P1 and argos transcription is stimulated in the ectodermal cells surrounding each precursor. However, the DER signalling does not result in the recruitment of extra chordotonal precursors in all cases. Hence, the v′ch1 precursor (C4) does not recruit extra precursors and remains as a monoscolopidial organ, even though it expresses rho and signals sufficiently to activate pnt-P1 and argos expression. It seems that the intensity of signalling varies between the precursors, and this might be reflected in the level of rho expression (presumably reflecting the amount of Spi processing). We found that expression of rho is lower and less prolonged in both the v′ch1 precursor (C4) and C2 than in the other three ato-positive precursors. Of the strongly expressing precursors, two contribute to lch5 and the other to vchAB, thus correlating with the locations in which the extra precursors must be recruited. On this basis, we suggest that precursors C1, C3 and C5 are each able to recruit one extra precursor because they activate DER more strongly than precursors C2 and C4.
Under conditions of rho misexpression, precursor C4 becomes able to trigger recruitment (v′ch1 becomes v′ch2). We suggest that increased numbers of scolopidia induced by rho misexpression result from boosting of the level of rho in precursors C1-C5. This is suggested because the generalized misexpression in the ectodermal cells does not cause widespread adoption of chordotonal precursor fate. Also, there is a temporal gradient in the susceptibility of the wild-type chordotonal organs to the effect of rho misexpression, which correlates with the order of appearance of precursors C1-C5 (data not shown). However, another (not mutually exclusive) mechanism can also explain the hyperplasia of lch5 and vchAB -rho misexpression in the newly recruited precursors may be causing them, in turn, to recruit further precursors.
Recruitment does not seem to operate in the thoracic segments. Chordotonal organs in these segments are not affected in DER pathway mutants, and rho is expressed in thoracic precursors at a lower level compared with the abdominal precursors (unpublished observations). Furthermore, the number of ato-positive precursors correlates well with the number of thoracic chordotonal scolopidia (unpublished observations).
A two-step mechanism of neurogenesis in photoreceptor and chordotonal organ precursors
The evidence we have presented here supports our proposal [33] that clusters of chordotonal precursors are formed by a two-step mechanism. In the first step, precursors C1-C5 are selected as 'founder precursors' by the 'conventional' route of proneural gene expression and lateral inhibition. In a distinct second phase, these precursors then signal to adjacent ectodermal cells via the DER pathway, inducing some of them to become chordotonal precursors ('secondary' or 'recruited' precursors). This two-step process is strongly reminiscent of the way ato acts in neurogenesis in the compound eye. Here, ato expression is initially refined by lateral inhibition, until ato is expressed in only the founding R8 precursor [52, 53] , which then recruits R1-R7 in a mechanism that does not require the activation of ato in these cells [15] . It is likely that DER signalling underlies this process, because mutants of DER pathway components have phenotypes consistent with a role in controlling the extent of photoreceptor recruitment [22] [23] [24] 27, 29, 32] .
Thus, although chordotonal organs and photoreceptors are so dissimilar structurally and functionally, they appear to have a common two-step mechanism leading to neural clustering. The implication is that ato is directly responsible for activating recruitment and that the AS-C genes do not share this ability (Fig. 6 ) [33] . Direct control of signalling by ato would provide a mechanism for limiting the degree of recruitment. The recruited chordotonal precursors cannot themselves recruit further precursors because they do not express ato, and therefore do not activate DER signalling.
Local recruitment may not be the only mechanism contributing to clustering: even in mutants of the DER pathway some scolopidial clustering remains, because there are still three organized scolopidia in the lateral cluster and the thoracic dch3 is unaffected. One possibility is that some modification of lateral inhibition is also occurring. Certainly, refinement of ato expression to the chordotonal precursors is not as pronounced as AS-C refinement to external sense organ precursors, such that chordotonal precursors appear to delaminate before ato expression is lost from the ectoderm (unpublished observations). This result might indicate prolonged proneural cluster expression, so that multiple precursors can delaminate from them over time. Alternatively, there might be a decreased range of the inhibitory signal so that more than one cell can arise from a single cluster.
Clustering during sense organ evolution
Comparative anatomy of sense organs in different arthropods suggests that chordotonal organs and external sense organs are derived from the same ancestral sense organ [4] , which may have been a scolopidial-like structure embedded in the cuticle [5] . One might ask when and why chordotonal organs became clustered during evolution. We suggest that the original proneural function of ato was in photoreceptor formation, whereas AS-C genes were required for the cuticular sense organs. We speculate that ato was co-opted to act in the formation of the precursors of a subset of these sense organs which may have acquired a proprioceptive function, and that this caused these organs -chordotonal organs -to become clustered by the same recruitment process that had already occurred in photoreceptor formation. Either before this, or after, structural
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Figure 6
Differences in function of AS-C and ato proneural genes. Both types of gene are expressed in proneural clusters and are subject to lateral inhibition. In the case of the AS-C genes, this typically limits neural precursor formation to one or a few cells per proneural cluster, which develop into external sense organs. In the case of ato, these first precursors -the founder neural precursors -act to recruit further ectodermal cells to adopt the neural fate. These clusters of precursors form either chordotonal organs or photoreceptors.
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Chordotonal organs Photoreceptors achaete-scute complex atonal differences emerged between AS-C and ato-derived sense organ types. Electrophysiological studies show that different scolopidia within the femoral chordotonal organ array of Teleogryllus commodus respond to different components of the proprioceptive stretch stimulus (position-dependent, velocity-dependent and acceleration-dependent aspects) [54] . Thus, clustering allows a rich flow of sensory information from chordotonal arrays.
The recruitment mechanism has interesting implications for chordotonal organ evolution. By altering the strength of signalling, it is possible to alter cluster size independently of cluster location. This can clearly be seen to have occurred, given that clusters of chordotonal scolopidia in the grasshopper, Schistocerca gregaria, are in homologous locations to those in Drosophila, but consist of different numbers of scolopidia [55] .
Materials and methods
Fly stocks
The mutants used were ato 1 [15] , rho lac1 [34] , rho P⌬38 [47] (all of which are apparently null), and flb 1K35 , a severe loss-of-function mutation of DER [56] . In order to misexpress rho, we used the stock hs-rho-30A/TM3, Sb [19] . The fusion genes used were ase-lacZ F:2.0 [42] and a stock containing four copies of NKD-lacZ [44] .
Staining procedures
For RNA in situ hybridization, we followed the protocol of Tautz and Pfeifle [57] with modifications. Embryos were fixed for 20 min in 10% formaldehyde, then stored in ethanol at -20°C until needed. Probes for ato, rho, argos, and pnt were labelled using the Boehringer-Mannheim digoxygenin DNA-labelling kit. For immunohistochemistry, embryos were fixed and treated as described [41] . Antibodies used were antiAto (1:500) [15] , anti-Asense (1:500) [39] , anti-␤-galactosidase (1:500, Promega or Jackson), anti-Rho (1:100) [19] , monoclonal antibody 22C10 (1:50) [58] , and antibody 1188 (1:500) [41] . Mutant embryos were recognized by the lack of labelling with the cDNA probe or antibody for the mutated gene product.
Heat-shock treatment
Eggs from flies of the genotype hs-rho-30A/TM3, Sb were collected on apple-agar plates at 25°C for 2 h, and were further aged at the same temperature for another 4.5-6.5 h (depending on the experiment). The plates were covered and immersed in a water bath at 39°C for 30 min to induce rho expression, and were then returned to 25°C for a total of 19 h. Embryos were then harvested, dechorionated, fixed, and stained with antibodies as above.
